Reduction in hippocampal volume is a hallmark of schizophrenia and already present in the clinical high-risk state. Nevertheless, other subcortical structures, such as the thalamus, amygdala and pallidum can differentiate schizophrenia patients from controls. We studied the role of hippocampal and subcortical structures in clinical high-risk individuals from two cohorts. High-resolution T 1 -weighted structural MRI brain scans of a total of 91 clinical high-risk individuals and 64 healthy controls were collected in two centers. The bilateral volume of the hippocampus, the thalamus, the caudate, the putamen, the pallidum, the amygdala, and the accumbens were automatically segmented using FSL-FIRST. A linear mixed-effects model and a prospective meta-analysis were applied to assess group-related volumetric differences. We report reduced hippocampal and thalamic volumes in clinical high-risk individuals compared to healthy controls. No volumetric alterations were detected for the caudate, the putamen, the pallidum, the amygdala, or the accumbens. Moreover, we found comparable medium effect sizes for group-related comparison of the thalamus in the two analytical methods. These findings underline the relevance of specific alterations in the hippocampal and subcortical volumes in the high-risk state. Further analyses may allow hippocampal and thalamic volumes to be used as biomarkers to predict psychosis.
INTRODUCTION
Structural brain alterations, as assessed with magnetic resonance imaging (MRI), are commonly reported in schizophrenia patients. The most frequently replicated findings are an increase in ventricle size and a reduction in hippocampal volumes. 1 Furthermore, meta-analyses of whole brain or region of interest analyses have identified reductions in hippocampal volume in subjects at clinical high risk (CHR) for psychosis already. 2, 3 Volumetric alterations are therefore present before the onset of psychosis and can be studied in CHR individuals with minimal confounding effects of medication and disease progression. The high-risk state is of special interest, as only around 30% of these individuals will eventually develop psychosis 4 and the identification of these individuals and early intervention might thus prevent or delay transition to full blown psychosis from the CHR state. 5 The hippocampus and subcortical structures are involved in a variety of tasks, through their interconnection with cortical and other subcortical areas (e.g., learning and memory 6 and emotional or motivational processing 7 ). Aspects of these neuronal brain circuits are at least in part impaired in schizophrenia as well as in the high-risk state already. 8, 9 Moreover, it has been shown that hippocampal and subcortical volumes are moderately to highly heritable in multiplex-multigenerational families affected with schizophrenia. 10 A worldwide multicentre study with more than 2000 schizophrenia patients and around 2500 healthy controls (HC) assessed hippocampal and subcortical volumes with Freesurfer's automated segmentation method. 11 The study showed that the hippocampus, the thalamus, the amygdala and the accumbens were smaller and the pallidum was larger in schizophrenia patients than in HC. 11 Smaller hippocampal and larger pallidum volumes could be detected by a multi-scanner study in one-tenth of the above population. This study employed automated subcortical segmentation 12 -and automated segmentation of the hippocampus and subcortical volumes is a well-established technique for pooling data from multicentre sites or different scanners. 13, 14 This method allows rapid and robust segmentation with an accuracy, sensitivity and reproducibility comparable to the gold standard of manual segmentation. [15] [16] [17] Although both these studies applied a prospective meta-analysis procedure, 11, 12 the latter also compared the results with a univariate mixed-model regression analysis. 12 They found that the effect sizes based on the full multisite sample were 13% smaller than those based on the weighted mean effect sizes from each individual site (the prospective meta-analysis). 12 This result indicates the influence of between-site variance from the use of different MRI scanners.
The present study is a volumetric investigation of all seven subcortical structures (i.e., hippocampus, thalamus, caudate, putamen, pallidum, amygdala, and accumbens) in the CHR state for psychosis acknowledging these methodological facts. We automatically segmented the hippocampus and the subcortical volumes with FSL-FMRIB's Integrated Registration and Segmentation Tool FIRST 18 in 45 CHR individuals and in 43 HC in a combined cohort from Basel and Zurich. We used linear mixed-model regression analysis to account for scanner effects. As this approach requires similar sample sizes per site for group comparison, the sample sizes were drastically reduced. For comparison, we additionally performed a prospective meta-analysis with 91 CHR individuals and 64 HC. Based on previous meta-analyses, 2, 3 we hypothesized that we would find smaller hippocampal volumes in CHR individuals than in HC.
RESULTS

Clinical and demographic characteristics
The subgroup of 88 individuals was matched for gender (P = 0.20), handedness (P = 0.99) and site (P = 0.58). There were significant between-group differences in age (P = 0.02), education (Po0.0001), intelligent quotient (IQ) (P = 0.04), positive (Po0.0001), or negative symptom clusters (Po0.0001) and global functioning (GAF; Po0.0001; Table 1 ).
In the larger cohort of 155 individuals no significant differences with respect to gender (P = 0.14), handedness (P = 0.68), or IQ (P = 0.08) were found. There were significant between-group differences in age (P = 0.03), education (P = 0.0002), positive (Po0.0001), and negative symptom clusters (Po0.0001), global functioning (GAF) (Po0.0001) and site (Po0.0001; Table 2 ). Among the antipsychotic-naive CHR no significant correlation was detected between any of the significant volumes and psychopathological measures except for a negative trend between the hippocampus and the suspiciousness item (R 2 = 0.04, r = − 0.27, P = 0.09) and a negative trend between the thalamus and the hallucination item (R 2 = 0.03, r = − 0.22, P = 0.096).
Volumetric differences
With the linear mixed-effects (LME) model to account for site/ scanner effects in the subgroup (n = 88), we detected significant group effects for the volumes of the hippocampus (F = 16.91, Po 0.001, Table 3 and g = − 0.63, s.e. = 0.22, Z = − 2.90 P = 0.004, 95% confidence interval (CI) = (−1.06 to − 0.21)) and the thalamus (F = 10.22, P = 0.002, Table 3 Table 4 .
DISCUSSION
In an analysis of automatically segmented hippocampal and subcortical volumes we compared CHR individuals and HC. With the LME model to account for different scanners, we found that the volumes of the hippocampus and thalamus were significantly smaller in antipsychotic-naive CHR individuals than in HC. No between-group differences were observed for volumes of the caudate, putamen, pallidum, amygdala, and accumbens. Extension of PMA to a larger cohort confirmed that hippocampal and thalamic volumes were smaller in CHR than in HC. Moreover, the PMA indicated medium effect sizes for the thalamus and the hippocampus, which were comparable for the thalamus and less for the hippocampus to effect sizes found within the LME approach.
In line with a milestone study of hippocampal and subcortical volumes in schizophrenia patients 11 and with meta-analyses in CHR populations, 2,3 our study confirms the findings that hippocampal volumes are smaller in CHR individuals than in HC, although contradictory results exist. 19 Earlier studies of thalamic volumes showed reductions both in chronic schizophrenia patients and in those with a first episode 20, 21 and especially in antipsychotic-naive schizophrenia patients. 1 One example of thalamic involvement was shown by automatic pattern classification. Support vector machine analyses exhibited 86% accuracy in classifying CHR from HC and predicted transition to psychosis with 88% accuracy using structural neuroimaging markers only. 22 The discriminative patterns included hippocampal and subcortical regions, with a prominent role for the thalamus. Thus, specific subcortical changes are present early in psychosis 1 or even before the transition to psychosis-in antipsychotic-naive CHR individuals. Moreover, the detected trends for a negative correlation between the hippocampus and suspiciousness (e.g., ref. 23 ) and the thalamic volumes and hallucination (e.g., ref. 24) should be further investigated as it had been reported in schizophrenia patients. The hippocampus, as one of the most 'stress-sensitive' regions of the brain, 25 and the thalamus, as the main sensory Hippocampal and thalamic volumes before psychosis F Harrisberger et al information relay, 26 might be related to the pathophysiology of schizophrenia. 27, 28 As confirmed by the results of the present study, their structural changes can be detected very early in the CHR population already. Recently, a model for the sudden onset of schizophrenia has been proposed, which attributes a pivotal role to both structures and their interconnection and consolidates the NMDA and dopamine hypotheses. 29 However, more information is needed to verify this model. Antipsychotic treatment can attenuate the reduction in the volumes of the subcortical structures, 1 which is already present in on-going psychosis. In our case, only seven antipsychotic-treated CHR individuals were included in the larger analysis, but this did not reveal any difference from the smaller analysis with only antipsychotic-naive individuals. This small sample size precluded further analysis.
Moreover, in the two studies, 15 and 32 of our CHR individuals were receiving antidepressants at the time of scanning. Antidepressant medication has been previously reported to increase hippocampal volumes in depressive patients. 30 However, according to the meta-analysis from 15 worldwide centers and almost 9,000 participants, significantly lower hippocampal volumes discriminated patients with major depression from HC irrespective of antidepressant medication. 31 Thus, we can speculate that the significantly lower hippocampal volumes in CHR could be related to the symptom severity (CHR individuals often suffer from depressive symptoms 32 ), independently of antidepressant medication, as is supported by the negative-reported association between hippocampal volumes and negative symptoms in CHR individuals and schizophrenia patients. 33 However, confounding interactions between clinical characteristics and antidepressant and/or antipsychotic use cannot be ruled out, whereas the subgroup of patients taking medication is likely to be more clinically impaired.
There were other confounding factors we tried to account for, such as the difference in IQ, years of education, and in age. Then, it is known that hippocampal volumes were correlated with educational achievements 34 and that the maturation of hippocampal and subcortical structures during adolescence and early adulthood is very complex. 35 Therefore, socioeconomic or other factors might in part mediate the brain morphological changes observed, which are not pertinent for the pathogenesis of psychotic disorders particularly.
Furthermore, owing to slight differences in image acquisition modalities between the two centers, we were forced to pre-process the data for each site separately. This step drastically reduced the sample sizes. To validate our LME results, we performed a prospective meta-analyses of the significantly different volumes, as proposed by the ENIGMA consortium, 11, 12, 31 which is an elegant procedure for group-related comparison from different sites. However, we must admit that the generalizability of a metaanalysis with only three samples included is limited. Nevertheless, with the two methods, we obtained the same significant results with medium effect sizes. And as we could only include a small number of CHR with subsequent transition to psychosis (5 in the Abbreviations: dd.f., denominator degrees of freedom; corrected for multiple comparison; nd.f., nominator degrees of freedom; *, significant findings.
Hippocampal and thalamic volumes before psychosis F Harrisberger et al smaller and 14 in the larger cohort), transition outcome-related brain alterations could not be assessed. Besides, manual segmentation is still considered to be the gold standard, due to its precise delineation of anatomical structures, even though it is costly and time-consuming. Moreover, automated segmentation of the hippocampus and the thalamus with FSL-FIRST was shown to be reliable and correlated well with manual segmentation. 14, 16, 17, 36 Nonetheless, it has been shown that FSL-FIRST and FreeSurfer generally overestimate large hippocampal volumes and underestimate small volumes compared to manual segmentation. 37 Furthermore, only one single analysis of genetic covariance between subcortical structural brain phenotypes and risk for schizophrenia has been conducted and this found no correlation. 38 Nevertheless, future research with larger cohorts should further investigate the possible association between common genetic variants associated with schizophrenia and hippocampal and subcortical brain volumes in CHR populations, as it has been shown that genetic components can influence the volumes of these structures in healthy humans. 39, 40 In summary, in an analysis of 155 individuals, we found smaller hippocampal and thalamic volumes in CHR individuals than in HC individuals. Moreover, we found comparable medium effect sizes for the thalamus and not the hippocampus when assessed by two different analytical methods. These findings demonstrate that these two volumes are already altered in the high-risk state and might incorporate in further analyses as potentially useful biomarkers to predict psychosis.
MATERIALS AND METHODS Participants
For this structural MRI analysis CHR individuals and HC were recruited in two centers: In Basel, as part of the Early Detection of Psychosis research program, FePsy, at the Psychiatry Outpatient Department, University Psychiatric Clinics Basel, 41, 42 and in Zurich, as part of a prospective study on the early recognition of psychosis 43 within the Zurich Program for Sustainable Development of Mental Health Services (ZInEP), conducted at the Psychiatric University Hospital, University of Zurich.
For details of the recruiting process and clinical assessment as well as inclusion and exclusion criteria, see Smieskova et al.
44
/Riecher-Rössler et al. 42 and Theodoridou et al.
43
A total of N = 91 CHR and N = 64 HCs from Basel and Zurich were recruited (Table 1) . Seven CHR individuals were receiving antipsychotic medication and 32 antidepressants at the time of scanning. In addition, we selected a subgroup of each individual group, in an attempt to have equal numbers of CHR individuals and HC per scanner. This resulted in N = 45 CHR individuals and N = 43 HC (Table 2 ). All individuals of the smaller sample were antipsychotic-naive, whereas 15 of the CHR were receiving antidepressants.
Both studies were approved by the local research ethics committees. All participants provided written informed consent and received compensation for participating. , acquisition matrix = 256 × 256 × 176, resulting in 176 contiguous sagittal slices with 1 × 1 × 1 mm 3 isotropic spatial resolution. All structural MRI data from Zurich were acquired on a Philips Achieva TX 3-T whole-body MR unit, using an eight-channel head coil. The data were acquired on two identical 3T scanners. A 3D T 1 -weighted fast field echo (FFE) pulse sequence was used to acquire images of the whole brain with the following parameters: TR = 8. ), acquisition matrix = 240 × 240 × 160, resulting in 160 contiguous slices.
All scans were screened for gross radiological abnormalities by a different neuroradiologist affiliated to each site.
Image processing
Volumetric segmentation of the hippocampus and the subcortical structures was estimated on T 1 -weighted images using FMRIB's Integrated Registration and Segmentation Tool 5.0.4 (FSL-FIRST). 18 The different image acquisition modalities (in general, higher image intensities were measured in Zurich) could lead to differences in the segmentation of the volumes. Therefore, we pre-processed the data for each site separately before group comparison. Volumes of all seven structures (accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and, thalamus) were obtained for both hemispheres. To account for non-Gaussian volume distribution, a cube-root transformation was used. The volumes were then normalized with the cube-root of the intracranial volume (ICV) and mean-centered for each site separately, in order to correct for differences in intensities measured in the two sites. After an outlier control (mean ± 3.5 s.d.), these pre-processed volumetric data were included in the further analyses.
Statistical analysis
Statistical analysis of clinical and sociodemographic data. One-way analysis of variances and χ 2 -tests were used to test the distribution between diagnosis group and age, sex, handedness, years of education, IQ, positive symptoms cluster, negative symptoms cluster, each single item of these clusters, GAF, scanner and ICV. Basel and Zurich used different scales for measuring psychotic symptoms. We combined several items of the BPRS with the PANSS outcomes into a positive (suspiciousness (BPRS9, PANSS P6), hallucinations (BPRS10, PANSS P3), unusual thought content (BPRS11, PANSS G9), conceptual disorganisation (BPRS15, PANSS P2)) and a negative (blunted affect (BPRS16, PANSS N1), emotional withdrawal (BPRS17, PANSS N2), motor retardation (BPRS18, PANSS G7)) symptom cluster according to Lyne et al. 45 These statistical analyses were performed with R 3.0.2 software (R Core Team, 2012). Values are presented as mean ± s.d. (Table 1 ). In addition, associations between the bilateral mean volumes (left and right volumes separately corrected for age, gender and years of education by using the z-transformed residuals of a linear regression) and clinical symptoms in antipsychotic-naive CHR (positive and negative symptom clusters, all items separately, as well as global functioning) were examined by Pearson correlation analysis.
Linear mixed-effects model. The R 3.0.2 software (R Core Team, 2012) 46 and the packages lme4 (ref. 47 ) and lmerTest 48 were used for statistical, group-related analysis. We employed a LME model to assess the relationship between-group affiliation and each volume with left and right volumes combined in one model as separate input. As fixed effects, diagnosis, and site information with interaction terms were entered, as well as age, gender, and education. As random effect, intercepts for subject and hemispheric information were included. Visual inspection of residual plots did not reveal any deviation from homoscedasticity or normality. The significance threshold was set to Po0.0071 to correct for multiple comparisons (two-tailed). Moreover, we investigated left-and right-sided volumetric differences using linear regression in R with age, gender, education, and site information as covariate.
Prospective meta-analysis. We performed prospective meta-analyses (PMA) of the regions with significant between-group volumetric differences, i.e., hippocampus and thalamus. Data were entered into an electronic database and quantitative meta-analysis was performed using the R 3.0.2 software (R Core Team, 2012). The effect size was calculated using Hedge's g, which provides an unbiased standardized mean difference that incorporates a correction for small sample sizes. 49 Hedge's g values 40.5 correspond to medium effect sizes. Hedge's g was calculated using data of mean volumes (normalized to ICV and then left and right volumes separately corrected for age, gender, and years of education by using the z-transformed residuals of a linear regression), s.d. and sample sizes. A positive value of the effect size reflected larger volumes for HC than for CHR individuals. We employed a random-effects model with the DerSimonian-Laird estimator, using the metafor package. 50 Cochran's Q test was used to evaluate the statistical significance of between-study heterogeneity.
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